Designing good lighting or illumination has long been considered as one of the most important industrial workplace design tasks that are associated with productivity and work efficiency. Numerous research results have indicated that good lighting will positively contribute to work performance, and will also decrease accident rates [1] [2] [3] . Juslén and Tenner 4) introduced a series of measurements to describe how changes in lighting conditions in industrial environments may influence human performance. These measurements include visual performance, visual comfort, visual ambience, interpersonal relationships, biological clock, stimulation, job satisfaction, problem solving, the halo effect, and the change process. Juslén et al. 5) also found that when the lighting levels were increased in industrial lighting, there was increase in productivity. Bommel et al. 6) showed that changing the lighting level from the minimum 300 lx to 500 lx lead to an increased productivity to more than 8 %. The reason for this increase in productivity was attributed to a combination of performance, physiological, motivational, and environmental factors. Sufficient amount of lighting is directly related to the performance of human work.
relatively uniform illumination on the workstation throughout the area, many industrial applications often have to rely on special lighting to increase the detection rate of visual inspection or ensure the integrity of manufacturing processes. In particular, illumination with yellow light is used in the thin film transistor-liquid crystal display (TFT-LCD) light-on test workstation 8) and the semiconductor photolithographic process area, the latter is also called the lithographic area 9, 10) . Wu 9) and Tseng 10) found that visual discomfort and fatigue were subjectively apparent among the operators performing VDT tasks and microscopic processes within the yellow light area in the semiconductor manufacturing. The comparison of the critical fusion frequency (CFF) threshold however only found significant decrease in microscopic processes tasks, but not the VDT tasks. In a similar study, Wu 9 ) also reported subjective visual symptoms and complaints but there was no significant change in other measures. The study indicated that the reason may be due to insufficient experimental task duration as compared to the actual long hour work condition. In these previous studies, the subjects indeed indicated that they disliked VDT work under the yellow light. In another study of illumination color 11) , sonar detection tasks on monochromatic display under red, blue, and white lighting were investigated. Based on electro-oculogram (EOG) measurement, the study showed that visual fatigue was found under red illumination, but no evidence of visual fatigue was found in blue or white lighting. These limited number of studies on special lighting shed a light on how different light colors might possibly affect human performances and visual fatigue. Compared to general lighting or white lighting in most cases, still very little was known about the effect of different colors of lighting in terms of visual performance and fatigue.
Today, the VDT is the primary media through which humans and computers interact 12) . In industrial environments and workplaces, the use of VDT has increased rapidly in recent years [12] [13] [14] [15] . The office working conditions of VDT operators and the associated health complaints have been studied extensively in the literature. Although many studies have indicated that poor workplace ergonomics including lighting were associated with the VDT operator's complaints about visual discomfort and psychological stress 16, 17) , few have addressed the need of specially lighted VDT workplace such as the yellow light area. There are also other existing or potential applications of colored lighting. For example, some of the military ship console and radar operations use red or blue lighting. The interaction of VDT use and special lighting becomes an essential issue in these applications.
In the past, to measure visual fatigue, various methods have been proposed and used, including CFF, visual acuity, subjective rating of visual fatigue, accommodation power, pupil diameter, eye movement velocity, and task performance 18) . Among these methods, the CFF, visual acuity, and subjective rating of visual fatigue were used most extensively and were considered suitable for the measurement of visual strain on VDT task 12, 14, 19, 20) . The objective of this study was to use some of these measurements to examine the influence of different illumination colors on visual performance and fatigue. Lab experiments were conducted to explore the visual workload with a purpose to provide design guidelines to reduce or eliminate mental and physical fatigue of VDT operators, and take action to maintain worker's health.
Method

Subjects
The subjects consisted of five male and five female college students, respectively. All participants had 0.9 corrected visual acuity or better and normal color vision, whose age varied between 21 and 24 yr (M=21.8 yr, SD=1.03). The subjects filled in a consent form stating the purpose of the study prior to the experiment and were randomly assigned to each treatment. Besides, there were an examiner and a recorder, who helped with the experiment.
Apparatus
An Optec 2000 Vision Tester was used to test visual acuity and color vision of the subjects. The CIE color values and illumination (in lux) were measured with a Minolta CL-200 chroma meter on the height of keyboard, and Cathode Ray Tubes (CRT) screen were measured with a Minolta CRT chroma meter CS-100A. The critical flicker fusion frequency(CFF)was measured with a Lafayette Instrument Company Flicker Fusion System Model 12021. An Intel Pentium III desktop computer with a 17 inch color CRT monitor was used in the experiment. The display resolution was 1,024 × 768 pixels at a refresh rate of 70 Hz. A test program was developed to present the stimuli, and recorded all the participants' response data. The workplace was illuminated by fluorescent lamps and the workplace was carefully aligned to avoid any direct or reflected glare. The colored lamps were purchased from a local brand name lamp company.
Variables and experimental design
This study evaluated two independent variables: ambient illumination (20 lux, 340 lux) and the color of ambient lighting (red, blue, green, and white). The study wishes to explore the effect of lighting color under either photopic or scotopic environment. The 340 lux illumination level simulates the photopic environment and the 20 lux simulates the scotopic environment. The CIE chromaticity coordinates (x, y) of the four colors are presented in Table 1 . Because in the literature it was found that blue is a good color for backgrounds 21) and the screen polarity did not cause a significant effect on either visual acuity or visual distance 12, 22) , in this study, the screen color combination of target/background was chosen to be whiteon-blue with the color values shown in Table 2 . There are totally eight experimental conditions (2 × 4). Each subject carried out the experimental task under the eight lighting conditions at random. Each lighting condition was performed on a different day by the subject.
The dependent variables are: CFF, visual acuity, reaction time, error rate, and the subjective questionnaire. The above experiment resulted in a randomized block design of experiment. Each dependent variable was analyzed using analysis of variance (ANOVA) against the two factors (illumination and color) with the subject being treated as the block.
Task and procedure
To prevent from visual fatigue, subjects were asked not to perform any kind of VDT work at least one hour prior to the experiment. At the beginning in each trial, the subjects' eyes were adapted for 20 min prior to the experiment, their visual acuity and the CFF values were measured by Optec 2000 Vision Tester and Lafayette Instrument Company Flicker Fusion System Model 12021 (frequency high-to-low and low-to-high). Subjects were seated approximately 50 cm away from the screen, with the center of the screen at eye level. They could move their head, but were instructed to keep it stationary at the specified height and distance.
Subjects performed a simulated signal identification task in this experiment. A spot at the circular of 20 min arc was used as the target for the identification task. Each target was presented for 1 s, and totally 30 correct target (white spot) along with 30 noise target occurred at random locations on the screen. The subjects responded to the onset of each correct target by pressing the mouse enter key as fast as possible to signify that a target was found. Each trial lasted 60 min. The reaction time and the rate of errors were recorded automatically in the computer. The subjects randomly proceeded with the experiment either in photopic or scotopic environment at the four colors of ambient illumination. At the end of each experiment, the visual acuity and CFF values were measured again, and the ratings of subjective visual fatigue and subjective preference were administered based on a questionnaire modified from Jaschinski et al. 23) . The questionnaire comprises the following eight items: The question items from 1 to 6 measure the "visual fatigue", and the question items 7 and 8 measure the "subjective preference" in each experimental task environment. The subjects answered each item on a 5 point scale, with 1 representing "not at all" and 5 representing "yes, very much".
Results
The analyses were based on the mean and standard deviations (SD) of the dependent measures presented in Table 3 . The effect of ambient illumination and color lighting on CFF, visual acuity, error rates and subjective rating were tested in ANOVA, the results of which are summarized in Table 4 .
CFF value
The changes in the CFF values by color of ambient illumination (red, blue, green, and white) exhibited no significant differences. The illumination levels (20 lux, 340 lux) however exhibited significant differences (F (1, 63)=8.1, p=0.006). When the illumination level was 20 lux, the CFF values decreased faster than they were at 340 lux, indicating a more pronounced visual fatigue at very low lights. The light color by illumination level interaction was not statistically significant. 
Visual acuity (VA)
The ANOVA results showed significant effects of light color on visual acuity change (F (3, 63)=3.63, p=0.018). Figure 1 shows the light color main effects for the mean values of the four visual acuity changes. The illumination level and the light color by illumination level interaction were not statistically significant.
Reaction time (RT)
Significant effects of level of illumination were found on the reaction time (F (1, 63)=4.5, p=0.038), and the 20 lux level of illumination showed shorter reaction times than 340 lux. The light color and the light color by illumination level interaction was not statistically significant.
Errors rate (ER)
Both the colors of light and levels of illumination had no significant effects on the rate of errors.
Subjective questionnaire Subjective visual fatigue (SVF)
The results of the analysis of variances showed that the effect of lighting color, and the light color by illumination level interaction were statistically significant (F (3, 63)=6.33, p<0.001); F (3, 63)=3.25, p=0.028, respectively). Subjects reported minimum visual fatigue with blue lighting (fatigue score of 2.34) and greatest one with red lighting (fatigue score of 3.07). No other effect was significant.
Subjective preference (SP)
The mean and standard deviations of SP scores under each of the independent variables are shown in Table 3 . The results of the analysis of variances showed that the lighting color, illumination level, and the light color by illumination level interaction was statistically significant (F (3, 63)=18.39, p<0.001); (F (1, 63)=10.16, p<0.05), (F (3, 63)=9.34, p<0.001). Subjects reported greatest "subjective preference" with blue and white lighting (preference score of 3.08) and minimum one with red lighting (preference score of 1.88).
The Pearson product-moment correlation coefficient indicated that CFF threshold change was related to "subjective preference" (γ =0. 316 tion was significant.
Discussion
The results of the experiments are discussed below with regard to colored lighting and ambient illumination.
Colored lighting
The study used CFF change to explore the visual fatigue. Some researchers have established that the change value of CFF was positively correlated with VDT's operation time 24, 25) . The longer the operation hours the CFF threshold drops more. It appeared that CFF change was an useful indicator for visual fatigue. In the comparison of light colors, the study did not find any significant changes in CFF with different lighting colors. As discussed earlier, there were only a few studies available on the effect of colored lighting on visual performance or stress in the literature. Similar results were obtained in Wu 9) that the white and yellow colored lighting had no significant effect. On the other hand, the present study further showed that the subject felt that it was visually fatiguing under the red and green lighting conditions, as shown by the higher scores of complaints in the subjective questions in Table 3 . It seemed that colored lighting might have caused some psychological and physiological effect but did not reach significant levels as measured by the CFF threshold change.
Visual acuity was the capability of distinguishing from fine detail and it depended largely on the accommodation power of the eyes. Accommodation occurs unconsciously, so we are usually unaware that the lens is constantly using its focusing power to see clearly at different distances. Kinney et al. 11) indicated that participants had difficult accommodation power in red light as compared with white and blue ambient illumination. This is a fact of physiological optics that long wavelengths (red light) focus farther behind the retina than light of shorter wavelengths and thus require more accommodation to see clearly at the same distance. The present experimental result showed that visual acuity was significantly affected by lighting colors, agreeably explained by the above influence of accommodation in colored lighting. The present study showed that visual acuity was the best under blue lighting, followed by white, red, and green.
This study found that the subjective visual fatigue was significantly related to color lighting on all questions. However, participants reported more visual fatigue when they were operating under red and green colored lighting conditions, and they preferred the blue lighting than other colored lighting conditions. As discussed above, the white and blue lighting conditions had the advantage on visual acuity, however, some studies suspected that using the blue light for a long duration in the workspace might be associated with some symptoms related to injure of retina 26, 27) .
Ambient illumination
The ambient illumination was a significant factor on CFF change and reaction time, but was not significant on acuity change and subjective ratings. The low lighting condition (20 lux) was found to have induced visual fatigue as signified by the decrease in CFF thresholds. This result was consistent with what was obtained by Bangor 7) . The present results further showed that the subject seemed to be able to overcome the insufficient lighting during VDT work and still maintain good visual acuity after an hour of work. This could be due to the fact that VDT itself emits light actively and could indeed be viewed without any ambient illumination. Nevertheless, working with the VDT under very low lighting would cause the eye to fatigue gradually as confirmed by the CFF threshold decrease based on the results of the study. Although the overall subjective evaluation based on the sum of the rating scores of the six questions did not further substantiate the fatigue phenomenon found by CFF measurements, individual questions on (7) and (8) showed significant results that the subject preferred to work under a higher illumination at 340 lux. Based on the overall results, this study would suggest that sufficient amount of light is not only critical to visual performance but also important to the prevention of visual fatigue, as was clearly suggested by ISO 28) 9241 part 6 that the VDT workstation environment should provide operators with comfortable, safety and productive working conditions. Finally, it must be noted that the study measured both error rates and reaction times. Since the experimental task required the subject to identify the target as fast as possible and as accurate as possible, to score short reaction times, the subject might lower the accuracy as a strategy. On the other hand, the subject might as well focus on accuracy by ignoring reaction times. This phenomenon is called the speed-accuracy tradeoff. The insignificance result in error rates indicates that there was no speed-accuracy tradeoff in the target identification task by the subjects and the reaction time measurements were thus a reliable measure of the task performance.
Conclusions
The purpose of this study was to determine the effect of the presence of several colored lighting conditions on the visual performance of VDT tasks. After comprehending the results of the research, the following conclusions can be drawn: 1. The colored lighting has significant effect on visual LIGHTING CONDITIONS AND VISUAL WORKLOAD acuity; the blue lighting had the best performance. However, the change of colored lighting in workplace should be considered the effect of human psychology and physiology. 2. The ambient illumination levels are significant effect on reaction time of targets, and illumination level 20 lux has the best performance. Although low illumination level can save energy, it's more important that a better lighting will positively contribute to human visual performance, safety, health, well-being and decrease accidents rate and absenteeism. 3. The subjects do not like to perform VDT work under red and green light. They subjectively preferred blue and white. Based on these findings, the designers can adopt different combinations of light colors and ambient illumination levels to promote operators' visual performance and prevent visual fatigue effectively when designing VDT workstations.
